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(54) Optical waveguide gratings having roughened cladding for reduced short wavelenqth 
cladding mode loss 



(57) In accordance with the invention, an optical 
waveguide (10) comprising a longitudinally extending 
core (12) housing an optical grating (16) and a cladding 
layer (1 4) peripherally surrounding the core (1 2) , is pro- 
vided with an outer surface (18) of the cladding layer 
having one or more perturbations (20). Each perturba- 



tion (20) has a height with respect to the core (12) that 
varies by at least 0.1 times a Bragg wavelength of the 
grating (16) over the surface of the perturbation (20) and 
covers an extent of the outer surface (1 8) whose linear 
dimensions are less than 1 cm. The perturbations (20) 
suppress cladding mode spectra and reduce short 
wavelength cladding mode loss. 



FIG. 3 
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[0001 ] This invention relates to optical waveguide de- 
vices and, in particular, to optical waveguide Bragg grat- 
ings. 

[0002] Optical waveguide Bragg gratings are critical 
components in WDM communication systems. They 
perform several key applications including add/drop fil- 
tering, band filtering, and dispersion compensation. In 
these applications the grating is typically used as a re- 
flective filter. Incident light within the stopband of the 
grating is strongly reflected whereas light outside the 
stopband is transmitted. An ideal Bragg grating would 
possess a rectangular amplitude filter function. The re- 
flection would be unity within the stopband and negligi- 
ble outside the stopband. 

[0003] In practice, an important limitation on a realistic 
optical waveguide Bragg grating is cladding mode loss 
on the short wavelength side of the main reflection band. 
This short wavelength cladding mode loss is caused by 
grating-induced coupling from the core mode into back- 
ward propagating cladding modes. The cladding mode 
loss is seen in the transmission spectrum as sharp res- 
onances on the short wavelength side of the Bragg res- 
onance. The magnitude of the loss scales approximate- 
ly with the square of the strength of the grating, and the 
loss is dramatically exacerbated when many gratings 
are cascaded. It thus imposes strict limitations on the 
design of optical networks that use grating-based tech- 
nologies. 

[0004] Proposed approaches to reduce cladding 
mode losses in optical waveguide Bragg gratings fall in- 
to two basic categories. The first is reduction of core- 
cladding coupling through special design of the core re- 
gion. Such reduction can be achieved by the depressed 
cladding design, the high delta design and the photo- 
sensitive cladding design. The second basic category 
involves applying polymer surface coatings to smooth 
the sharp resonant structure of the cladding mode spec- 
trum and achieve, instead, an approximately uniform 
background loss 

[0005] The depressed cladding design was proposed 
by Dong et al. in "Optical fibers with depressed clad- 
dings for suppression of coupling into cladding modes 
in fiber Bragg gratings", IEEE Photonic Technology Let- 
ters , Vol. 9, pp. 64-66 (1 997). A conventional waveguide 
core is surrounded by a lighter doped cladding region i. 
e. a cladding with a lower index of refraction. The de- 
pressed cladding region suppresses the overlap of low- 
er order cladding modes with the core. The transverse 
oscillations are stretched in the depressed cladding re- 
gion, since the transverse resonance condition is asso- 
ciated with the optical path length (distance times refrac- 
tive index). This approach has achieved moderate suc- 
cess. But the reduction is limited by the amount that the 
index can be reduced in the depressed cladding region. 
[0006] The high delta design involves increasing the 
offset of the cladding mode from the Bragg resonance. 



This is achieved by increasing the effective core refrac- 
tive index so that it is substantially above that of the low- 
est order cladding mode. The result is that the cladding 
mode resonances are offset from the Bragg resonance. 

5 Various groups have demonstrated that a waveguide 
with A-2%, and a core diameter of d - 2jj.m, results in 
an offset of -2-5 nm. Although the high delta principle 
has been demonstrated, the usable bandwidth is still 
limited by the onset of cladding mode loss. In addition 

10 there is a significant penalty incurred due to mode mis- 
match between the grating waveguide and the transmis- 
sion waveguide. 

[0007] The photosensitive cladding design incorpo- 
rates photosensitive material into the cladding. See E. 

15 Delevaque et al. "Optical fiber design for strong gratings 
photoimprinting with radiation mode suppression," QFC 
'95 , PD5, (1995) and K. Oh era/., "Suppression of clad- 
ding mode coupling in Bragg grating using Ge0 2 B 2 0 3 
doped photosensitive cladding optical fiber," Electronic 

20 Letters , Vol. 35, pp. 423-424 (1 999). After UV exposure, 
the grating region extends into the cladding. If the core 
and cladding have the same sensitivity and there is no 
blaze, and the exposure is uniform through the 
waveguide, then the grating will have negligible coupling 

25 to cladding modes. Thus cladding mode loss will be neg- 
ligible. A disadvantage of this scheme is a net reduction 
in the grating strength due to absorption in the photo- 
sensitive cladding region. There is also increased cou- 
pling to asymmetric modes because of the increased 

30 asymmetry in the region where these modes have a 
large mode field strength. 

[0008] Turning to the second basic approach, the 
waveguide is typically surrounded with a lossy polymer 
material that has a refractive index near that of the clad- 

35 ding glass. In this case the cladding mode extends into 
the polymer where it is absorbed, and thus core-clad- 
ding mode coupling is reduced. The cladding mode loss 
is reduced closer to the radiation limit, typically by a fac- 
tor of 4-5. This loss is acceptable for many applications 

40 but can still limit the number of devices that can be cas- 
caded. Accordingly, there is a need for improved optical 
waveguide gratings having reduced cladding mode 
loss. 

[0009] in accordance with the invention, an optical 
45 waveguide comprising a longitudinally extending core 
housing an optical grating and a cladding layer periph- 
erally surrounding the core, is provided with an outer 
surface of the cladding layer having perturbations. Each 
perturbation has a height with respect to the core that 
50 varies by at least 0.1 times a Bragg wavelength of the 
grating over the surface of the perturbation and covers 
an extent of the outer surface whose linear dimensions 
are less than 1 cm. The perturbations suppress cladding 
mode spectra and reduce short wavelength cladding 
55 mode loss. 

[0010] The advantages, nature and various additional 
features of the invention will appear more fully upon con- 
sideration of the illustrative embodiments now to be de- 
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scribed in detail in connection with the accompanying 
drawings. In the drawings: 

Fig. 1 is a schematic illustration of a conventional 
optical fiber grating; 5 
Fig. 2 is a graphical representation of the transmis- 
sion characteristic of the optical fiber grating of Fig. 
1 useful in understanding the problem to which the 
invention is directed; 

Fig. 3 is a cross-sectional view of an optical 10 
waveguide grating in accordance with the invention; 
Fig. 4 shows an embodiment wherein the 
waveguide is an optical fiber; 
Fig. 5 illustrates an embodiment in which the 
waveguide is a planar waveguide; is 
Fig. 6 shows an embodiment wherein the height 
perturbations are particles; 

Fig. 7 illustrates an embodiment in which the height 
perturbations are pits; 

Fig. 8 shows an embodiment wherein the perturba- 20 
tions are regions of changed height; 
Fig. 9 illustrates an embodiment in which the per- 
turbations are tapered regions; 
Fig. 1 0A is a photographic illustration of an im- 
proved optical fiber grating roughened by etching; 25 
Fig. 1 0B is a transmissionspectrum of the improved 
grating of Fig. 1 0A. 

Fig. 11 is a graphical illustration showing the effect 
of recoating an etch roughened grating with protec- 
tive polymer; 30 
Fig. 12 is a schematic cross section of an improved 
optical fiber grating roughened by laser ablation; 
Fig. 13 shows a cross section of a grating rough- 
ened by coating with particles; 

Fig. 1 4 is a photographic illustration of an improved 35 
optical fiber grating roughened by coating with par- 
ticles; 

Fig. 15 shows a dispersion compensation module 
(DCM); 

Fig. 1 6 illustrates a first alternate embodiment of a *o 
DCM; 

Fig. 17 illustrates a second alternate embodiment 
of a DCM; and 

Fig. 18 shows an optical amplifier. 

45 

[001 1] It is to be understood that these drawings are 
for illustrating the concepts of the invention and, except 
for the graphs, are not to scale. 

[0012] This description is divided into three parts. Part 
I describes a conventional grating and the problem to so 
which the invention is directed. Part II describes im- 
proved gratings in accordance with the invention, and 
Part III describes preferred applications of the improved 
gratings. 

55 

I. Cladding Mode Loss In Conventional Gratings 
[0013] Referring to the drawings, Fig. 1 , which is prior 



art, schematically illustrates a conventional optical 
waveguide grating. The exemplary grating comprises 
an optical fiber 10A including a core 12 and a peripher- 
ally surrounding cladding 14. The outer surface 18 of 
the cladding 1 4 is smooth and highly reflective. The core 
is typically doped silica and includes a grating 16 com- 
prising a plurality of index perturbations periodically in- 
duced along its length as by ultraviolet radiation. The 
core radius can be 3 um. The cladding is typically un- 
doped silica. It can have a diameter of 125 u.m, and the 
index differential between core and cladding can be An 
= 0.01 . The index differential between the core and an 
index perturbation is typically on the order of 0.0001 . A 
typical grating period is on the order of 531 .9 nm, and a 
typical grating length is 4 cm. 

[0014] In operation, when light of wavelength in the 
range 1500-1600 nm is transmitted into the grating, a 
Bragg resonance wavelength will be strongly reflected. 
But, in addition, there will be an unwanted loss of wave- 
lengths shorter than the Bragg resonance due to cou- 
pling into back-propagating cladding modes. 
[0015] Fig. 2 illustrates the transmission characteris- 
tic of the Fig. 1 conventional device, showing the main 
Bragg resonance 2 and the shorter wavelength cladding 
loss resonances 3. It is noteworthy that the closely 
spaced cladding mode resonances begin only 2 nm 
short of the main Bragg resonance 2 and extend below 
1530 nm. These cladding mode losses limit the useful 
bandwidth of the Bragg filter. Bragg gratings in planar 
waveguides encounter similar short wavelength clad- 
ding mode loss. 

li. Improved Gratings of the Invention 

[0016] In accordance with the invention, optical 
waveguide gratings are improved by roughening or con- 
figuring the outer surface to scatter in a noncoherent 
manner light incident from within the waveguide. 
[0017] To produce the scattering, the outer surface of 
the waveguide can be provided with perturbations in its 
optical characteristics that are sufficient to disrupt light 
wavefronts from within the fiber. The perturbations can 
be either random disruptions, such as etch pits, ablation 
pits and particles optically coupled to the surface, or they 
can be regular, such as variations in the thickness of the 
waveguide along the length of the grating. In the case 
of random perturbations, the density of perturbations on 
the surface should be sufficient to scatter such light from 
the grating in a noncoherent manner. 
[0018] Figure 3 is a cross -sectional view of one em- 
bodiment of an optical waveguide 1 0 that includes a lon- 
gitudinally extended core 1 2 and a cladding layer 1 4 pe- 
ripherally surrounding the core 12. The core 12 houses 
an optical Bragg grating 16. The core 12 and cladding 
layer 14 form an integrated structure in which the clad- 
ding layer 14 has a lower index of refraction than the 
core 12. The index difference makes light propagate in 
the core due to total internal reflection. 
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[0019] An outer surface 18 of the cladding 14 has a 
plurality of height perturbations 20. Each perturbation 
20 has a surface height h. h' that varies by at least as 
0.1 times the Bragg wavelength of the optical grating 16 
over the lateral extent w, w' of the perturbation 20. Ad- 5 
jacent height perturbations 20 have lateral separations 
of less than about 1 0 to 1 00 times the Bragg wavelength 
ofthe grating 16. Herein, heights are defined to be dis- 
tances of surfaces with respect to the core 12. The lat- 
eral extent w, w' of each perturbation 20 along the outer 10 
surface 1 8, and the height variation over the perturba- 
tion, are both between about 0.1 and 100 times the 
Bragg wavelength. 

[0020] The height perturbations 20 cause scattering 
of light incident on outer surface 1 8 from the interior of 
the waveguide 1 0. The scattering reduces optical losses 
caused by optical modes of the cladding layer 14. 
[0021] Figure 4 shows an embodiment in which the 
waveguide is an optical fiber 10'. In the fiber 1 0', the core 
12 and cladding layer 14 are doped silica layers of the 
fiber 10' that have different indexes of refraction. The 
core 12 and cladding layer 14 form the integral silica- 
glass structure of the optical fiber 1 0'. The cladding layer 
14 may include one or more silica glass layers (not 
shown) and may be covered by a protective polymer lay- 
er 2V. in the fiber 10', the height of perturbation 20' is 
measured by the local radius of outer surface 18* with 
respect to the longitudinal axis "a" of the fiber 1 0\ 
[0022] Figure 5 shows an embodiment in which 
waveguide grating 10 of Fig. 3 is a planar waveguide 
10". In the planar waveguide 10", the core 12 is a strip 
and the cladding layers 1 4 are planar layers constructed 
on a substrate 15". The core 12, cladding layer 14, and 
substrate may : e.g., be layers of semiconductor materi- 
als with different indexes of refraction. For the planar 
waveguide 1 0", the height of a perturbation 20" on outer 
surfaces 18" is measured by the local perpendicular dis- 
tance, h", of the perturbation 20" from an imaginary 
plane 2 1 . The plane 21 bisects the core 1 2 and is parallel 
to the interface between the core 12 and cladding layer 
14. 

[0023] Figures 6-9 illustrate several embodiments for 
the height perturbations 20. 

[0024] Figure 6 shows an embodiment 22 of 
waveguide 10 of Figure 3 in which the height perturba- ^ 
tions 20 are particles 24 located on and bonded to the 
outer surface 18. The sizes of and separations between 
the particles 24 are between 0.1 and 100 times the 
Bragg wavelength of optical grating 16. In various em- 
bodiments, the particles 24 have either a uniform distri- 50 
bution or a pseudo-random distribution on the outer sur- 
face 18. 

[0025] Herein, a pseudo-random distribution is de- 
fined by a mean value and by either a variance of the 
mean value or by a width at half-maximum. The mean 55 
value provides a length scale for the distribution, e.g., 
an average particle/pit size or an average distance be- 
tween particles/pits. In a pseudo-random distribution, 



30 



35 



40 



the variance or width at half maximum is larger than 1 
times the Bragg wavelength of the grating and may have 
a value between 1 and the smaller of 100 times the 
Bragg wavelength or 20 percent of the diameter of the 
waveguide, e.g., a fiber. 

[0026] Figure 7 shows an embodiment 26 of 
waveguide 10 of Figure 3 in which the height perturba- 
tions are pits 28 in the outer surface 1 8. The lateral ex- 
tent w, w' of the pits 28, and the distances between the 
pits 28 are between 0.1 and 1 00 times the Bragg wave- 
length of optical grating 1 6. In various embodiments, the 
pits 28 have either one size or a pseudo-random distri- 
bution of sizes. Similarly, in various embodiments, the 
pits either cover the outer surface 1 8 uniformly or have 
a pseudo-random distribution on the outer surface 18. 
[0027] Figure 8 shows another embodiment 30 of 
waveguide 10 of Figure 3 in which the height perturba- 
tions are regions 32 of changed height on outer surface 
18. A region 32 has a height change with respect to av- 
erage surface height 34 or between .1 and 100 times 
the Bragg wavelength of the grating 1 6. The maximum 
distance, MD, between points on the region 32 at which 
the height equals the average surface height 34 or 34' 
is between 1 and 100 times the Bragg wavelength. 
[0028] Figure 9 shows another embodiment of a grat- 
ing waveguide 34 for which height perturbations 20 of 
Figure 3 are regions 36 of outer surface 18 that have 
sloping height with respect to the core 12. In embodi- 
ments in which the waveguide 34 is an optical fiber, the 
slope is caused by a taper of the outer diameter of the 
fiber. On the sloping region 36, the surface height "h" 
with respect to the core 14 changes by between .1 and 
1 00 times the Bragg wavelength of grating 1 6 over a 
length "d" of about .5 times the length L of grating 16. 
Thus, the slope of surface 18 with respect to the core 
12 is about .05 to 50 Bragg wavelengths per length L of 
the grating 1 6. Herein, height variations that are sloping 
regions 36 are defined to be regions of lateral extent of 
less than about 1 00 times the Bragg wavelength of the 
grating 1 6. The surface 1 8 may have a series of sloping 
regions 36 that are either connected or separated by 
less than about 1 00 times the Bragg wavelength. If the 
sloping regions 36 are connected to form a larger ta- 
pered region, that region has an extent of less than 
about 1 or 1 0 cm and often has an extent of less than 
1 -1 0 times the length L of the grating 1 6. 
[0029] Some embodiments combine several types of 
perturbations 20 of the outer surf ace 18, shown in Figure 
3. For example, the perturbations in one embodiment 
include pits in the surface 18, particles on the surface 
18, and tapered regions of the surface 18. 
[0030] An exemplary roughening process involves 
- disposing a waveguide grating for 20 minutes in an etch 
bath comprising hydrofluoric acid such as #15-0275 
Etch Bath marketed by Armour Products Co., Wyckoff, 
NJ 07481 . After etching and rinsing, the outer surface 
18 had the height perturbations photographically depict- 
ed in Fig. 10A. 
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[0031 ] Fig. 1 0B is a grapnlcal illustration showing the 
transmission coefficient before and after roughening of 
outer surface of the cladding of a waveguide grating. 
The dashed-lie curve shows the cladding mode reso- 
nances before etching. The solid-line curve shows the 5 
cladding mode resonances after etching. The strength 
of the cladding modes are diminished to 1/2 their pre- 
etched level. 

[0032] Fig. 11 is a graphical illustration showing the 
effect on the transmission coefficient of recoating a io 
roughened grating with protective acrylate based poly- 
mer. The dashed curve shows the cladding mode reso- 
nances after etching. The solid curve shows the clad- 
ding mode resonances after recoating. The strength of 
the absorption resonance caused by cladding modes 15 
are again diminished. 

[0033] In some embodiments, metal coatings are ap- 
plied on waveguide gratings to make the gratings tuna- 
ble by resistive heating. An advantage of the present 
invention is its compatibility with subsequent metal coat- 20 
ings. The absorption resonances suppressed by etching 
the surface remain suppressed after metal coating. 
[0034] Cladding mode loss in a waveguide Bragg 
grating can also be reduced by roughening the outer 
surface of the cladding through laser ablation. As illus- 25 
trated in Fig. 12 random or ordered patterns of rough 
pits 70 can be achieved on a fused silica fiber 71 by 
focusing a high power pulsed laser 72 with ultraviolet (e. 
g. 157 nm wavelength) or infrared (e.g. 10.6 ujtj wave- 
length) emission on the surface. Due to absorption at 30 
those wavelengths, extreme heat is generated at the 
surface thereby ablating atoms or clusters of atoms 73 
from the fiber surface. The degree of roughness can be 
controlled by pulse rate and fluence of the laser. In ad- 
dition, the spot sizes and shapes of laser pulses on the 35 
surface of the fiber can be manipulated similar to laser 
machining to form ordered patterns of roughness. 
[0035] Alternatively, as shown in Fig. 13, deposition 
of particulates 80 can randomly roughen the surface of 
a waveguide 71 . The particulates 80 can be deposited 40 
through spray pyrolysis of chemical precursors, such as 
inorganic nitrates, in which a source 81 produces an aer- 
osol of oxide particulates which is then deposited on the 
waveguide. The particulate 80 can also be deposited by 
dipping a waveguide in a colloidal suspension (sol) and 45 
then by thermally treating to make a rough surface. The 
particulates do not need to have the same chemical 
composition of the waveguide. For example, the colloid 
could include an organic polymer or inorganic oxide. 
[0036] The particles can be made of a material that is so 
softer than the cladding material to prevent mechanical 
damage to the cladding. They should have a refractive 
index sufficiently different from that of the cladding to 
cause effective scattering. Polymer particles are suita- 
ble for this application, especially when the waveguide 55 
has a silica-based cladding (e.g. an optical fiber), be- 
cause polymer particles are softer than glass and most 
polymers have refractive indices different from that of 



silica. 



[0037] Polymer particles can be, for example, synthe- 
sized using emulsion polymerization. Polystyrene mi- 
crospheres with well defined sizes ranging from 0.1 to 
several micrometers are commercially available from 
Polysciences Inc., Warrington, PA. One micrometer pol- 
ymer spheres are convenient when the Bragg wave- 
length of the grating is around 1.0 - 1 .6 micrometers. 
Polystyrene microspheres are supplied as a latex emul- 
sion in water. The microspheres can be deposited on a 
substrate like a (bare) optical fiber simply by dipping the 
fiber in the latex and then letting it dry. The microspheres 
cling to the fiber presumably by electrostatic interac- 
tions. Final bonding of the microspheres can be 
achieved by first treating the fiber with a silane coupling 
agent, and then dipping the treated fiber into an emul- 
sion with the functionalized microspheres. The function- 
al group in the microspheres is chosen to react with the 
functional group of the silane coupling agent. Alterna- 
tively, one can employ microspheres with reactive 
groups that react directly to the silica surface. The mi- 
crospheres can have a selected size or a distribution of 
sizes. 

[0038] As a specific example, a coupling agent solu- 
tion was prepared by dissolving 0.5% of 3- glycidbxy- 
propltrimethoxysilanein de-ionized water whose pH had 
previously been adjusted to 4 by adding acetic acid. A 
commercial telecommunications fiber was stripped of its 
polymeric protective coatings by immersing it for one 
minute in hot sulfuric acid (1 85° C), and then rinsing the 
fiber in methanol. The stripped portion of this fiber was 
then dipped into the coupling agent solution for one 
minute. The fiber was dried at 110° C for 10 minutes. 
The coupling agent solution contains silanol molecules 
(the methoxy groups in the silane hydrolize the silanol 
groups in the acidified water). The silanol groups and 
methoxy silane groups react with the silica surface of 
the fiber to create strong silicon-oxygen-silicon bonds. 
Thus reaction produces a silica fiber coated by silane 
molecules, which are bonded covalently to the glass. 
The treated fiber is then contacted with a latex contain- 
ing amine-functionalized polystyrene microspheres (1 
micrometer in diameter). The amine groups on the sur- 
face of the polystyrene microspheres react with the gly- 
cidyl groups of the silane on the fiber to bond the 
spheres covalently to the glass surface through the cou- 
pling agent molecules. 

[0039] Fig. 1 4 is a scanning electron microscope pho- 
tograph of a fiber treated as described above. It shows 
excellent coverage of the fiber cladding surface by the 
microspheres. 

[0040] Alternatively, the cladding can be coated with 
a microphase-separated system, such as a micro- 
phase-separated polymer blend or a co-polymer. The 
composition fluctuations of the microphase-separated - 
system will scatter light if the refractive indices of the 
components of the system differ sufficiently. It is possi- 
ble to control the morphology and domain size of these 
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polymeric systems to achieve Trie desired optical re- 
sults. For example, those skilled in the art know that they 
can modify the morphology and domain size of the mi- 
cro-phase separated systems by employing block co- 
polymers with different block sizes, molecular weights 5 
and interaction parameters. 

III. Applications 

[0041] The improved gratings can be fabricated as 10 
fixed or tunable, chirped or nonchirped gratings by tech- 
niques well known in the art. It is contemplated that the 
gratings will have important applications in optical com- 
munication systems, especially in compensation of 
chromatic dispersion. Figs. 15-18 schematically illus- '5 
trate optical communication systems comprising the im- 
proved waveguide gratings, e.g. the waveguide gratings 
of Figs. 3-9. 

[0042] In Fig. 1 5 schematically illustrates an improved 
optical communication system 99 employing a disper- 20 
sion compensating module (DCM) at boxed region 100. 
The DCM 100 comprises an optical circulator 101 and 
a fiber 1 02 having a series of "n M improved gratings 1 06. 
Each grating has an associated Bragg reflection wave- 
length X, , X2, ... X n . The serial order in which the gratings 25 
are placed in the fiber 1 02 depends on the chromatic 
dispersion that accumulated by light before reaching the 
DCM. For example, if the accumulated dispersion A D (X) 
for light with wavelength X^ is greater than that of light 
with wavelength X n , i.e. A D (X 1 ) > A^X^, then the grat- 30 
ings are arranged such that incident light first encoun- 
ters the compensating grating of the DCM with Bragg 
wavelength at X 1 and last encounters the grating with 
Bragg wavelength at X^. If the accumulated dispersion 
for channel 1 at wavelength X^ is less than that of chan- 35 Claims 
nel n at X w A D (X^)< A D (X n ) , then the gratings are serially 
ordered in the reverse of the order shown, i.e., the first 
encountered compensating grating of the DCM is at X^ 
-and the last grating has a Bragg wavelength X v This 
DCM may comprise part of a dense WDM system *o 
(DWDM), further comprising a multi -wavelength optical 
transmitter 103, a length of transmission optical 
waveguide (optical fiber) 104, and a multiwavelength 
optical receiver 105. 

[0043] In the alternate embodiment of Fig. 16 the ^ 
DCM 110 comprises a single tunable dispersion com- 
pensating chirped fiber grating 111 in place of the "n" 
dispersion-compensating gratings 106. The direction of 
the chirp depends on the accumulated chromatic dis- 
persion. 50 
[0044] Fig. 17 schematically illustrates a system 
where a DCM 120 comprises an optical circulator 121, 
a length of dispersion compensating fiber (DCF) 122, 
and a single tunable dispersion compensating chirped 
fiber grating 123. Alternatively to the single chirped grat- 55 
ing device 1 23, a plurality of independently tunable dis- 
persion compensating gratings may be used. In this 
case, the majority of the chromatic dispersion compen- 



sation is performed by the DCF 122. The remanent chro- 
matic dispersion in each channel, due to a dispersion 
slope mismatch between the ideal compensator and the 
DCF, is compensated using the compensating chirped 
grating 123. The same principles described above with 
reference to Fig. 15 relating to the direction of the 
chirped dispersion grating or the order of the gratings 
apply. Also, this DCM 120 may belong to a DWDM fur- 
ther including a multi-wavelength transmitter 103, a 
length of optical fiber 104, and a multi-wavelength re- 
ceiver 105. 

[0045] Fig. 18 schematically shows an amplifier 130 
provided with dispersion compensation. The amplifier 
130 comprises an input isolator 131, a first length of 
rare-earth doped fiber 1 32a, a first pump 1 33a for optical 
pumping the first length of fiber 132a, a second length 
of rare-earth doped fiber 1 32b, a second pump 1 33b for 
optical pumping the second length of fiber 1 32b, an out- 
put isolator 134, a circulator 135 and n serially ordered 
independently tunable dispersion-compensating grat- 
ings 136. The optical amplifier provides the advantage 
that it not only compensates for chromatic dispersion, 
but it also amplifies the signals to offset losses intro- 
duced by the gratings 136. Optionally, a dispersion com- 
pensating fiber may be used similarly to Fig. 17. 
[0046] It is to be understood that the above-described 
embodiments are illustrative of only a few of the many 
possible specific embodiments which can represent ap- 
plications of the principles of the invention. Numerous 
and varied other arrangements can be readily devised 
by those skilled in the art without departing from the spirit 
and scope of the invention. 



1. An optical waveguide, comprising: 

a longitudinally extended core including an op- 
tical Bragg grating; 

a cladding layer peripherally surrounding the 
core, forming an integrated structure with the 
core and having a lower index of refraction than 
the core, an outer surface of the cladding layer 
having a plurality of height perturbations, each 
perturbation having a height with respect to the 
core that varies by at least .1 times a Bragg 
wavelength of the grating over a region of the 
surface whose lateral extent is less than about 
100 Bragg wavelengths, distances between 
adjacent ones of the perturbations being less 
than about 100 Bragg wavelengths. 

2. The optical waveguide of claim 1 , wherein the clad- 
ding layer comprises one of silica glass and a sem- 
iconductor. 

3. The optical waveguide of claim 1 , wherein the clad- 
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17. An apparatus, comprising: 



6. 



6. 



9. 



10. 



11 



The optical waveguide of claim 3 ; wherein the per- 
turbations include pseudo-random smoothness 
variations of the outer surface of the fiber. 

The optical waveguide of claim 3, wherein the per- 
turbations include particulate matter located on the 
outer surface. 

The optical waveguide of claim 5 : wherein the par- 
ticulate matter includes a polymer. 

The optical waveguide of claim 3, wherein the per- 
turbations include pits located in the outer surface. 

The optical waveguide of claim 3, wherein a portion 
of the perturbations produce variations of the dis- 
tance of the outer surface from the core by at least 
a Bragg wavelength of the grating. 

The optical waveguide of claim 1 , wherein the core 
and cladding form a planar waveguide. 

The optical waveguide of claim 9, wherein the per- 
turbations include pseudo-random variations of the 
distance of at least one outer surface of the cladding 
from a central plane bisecting the core. 

The optical waveguide of claim 9, wherein the per- 
turbations include particulate matter located on the 
one outer surface. 



12. The optical waveguide of claim 1 1 , wherein the par- 
ticulate matter includes a polymer. 

13. The optical waveguide of claim 9, wherein the per- 
turbations include pits located in the one outer sur- 
face. 

14. The optical waveguide of claim 8, wherein a portion 
of the perturbations produce variations of the dis- 
tance between the one outer surface and the bisect- 
ing plane that are at least as large as a Bragg wave- 
length of the grating. 

15. The optical waveguide of claim 3, wherein the 
height perturbations form a smooth and connected 
taper, an outer diameter of the fiber varying by at 
least 0.1 times the Bragg wavelength over a length 
of the taper equal to about .5 times the grating's 
length. 

16. The optical waveguide of claim 15, wherein an outer 
diameter of the fiber by less than 1 0 times the Bragg 
wavelength over a length of the taper equal to 
about .5 times the grating's length. 
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an optical circulator having at least three ports: 
and 

an optical waveguide being connected to one 
of the ports, the waveguide comprising: 

a cladding layer peripherally surrounding 
the core, forming an integrated structure 
with the core and having a lower index of 
refraction than the core, an outer surface 
of the cladding layer having one or more 
perturbations, each perturbation having a 
height with respect to the core that varies 
by at least .1 times a Bragg wavelength of 
the grating over the surface of the pertur- 
bation, and covering an extent of the outer 
surface whose linear dimensions are less 
than 1 centimeter. 

18. The apparatus of claim 17, wherein the waveguide 
is an optical fiber. 

19. The apparatus of claim 17, further comprising: 

a second optical waveguide connected to one 
of the other ports of the circulator and config- 
ured to receive light from a pump light source 
and an external source. 

20. The apparatus of claim 17, further comprising: 

one of an optical multiplexer and an optical de- 
multiplexer, the one of an optical multiplexer 
and an optical demultiplexer being connected 
to one of the other ports of the circulator. 

21. In an optical waveguide communication system 
comprising an optical transmitter, a length of optical 
transmission waveguide, at least one waveguide 
Bragg grating, and an optical receiver, 

the improvement wherein the waveguide 
Bragg grating comprises an optical waveguide ac- 
cording to claim 1 . 
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(54) Optical waveguide gratings having roughened cladding for reduced short wavelength 
cladding mode loss 



(57) In accordance with the invention, an optical 
waveguide (10) comprising a longitudinally extending 
core (12) housing an optical grating (1 6) and a cladding 
layer (14) peripherally surrounding the core (12), is pro- 
vided with an outer surface (18) of the cladding layer 
having one or more perturbations (20). Each perturba- 



tion (20) has a height with respect to the core (12) that 
varies by at least 0.1 times a Bragg wavelength of the 
grating (1 6) overthe surface of the perturbation (20) and 
covers an extent of the outer surface (1 8) whose linear 
dimensions are less than 1 cm. The perturbations (20) 
suppress cladding mode spectra and reduce short 
wavelength cladding mode loss. 
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